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TITLE OF INVENTION 

Complex Polarizer System for Reciprocal Polarization (Cross-polarizer) 
BACKGROUND OF THE INVENTION 

fOOOl] The invention relates to optic systems in the visible and near-visible 
electromagnetic spectrum, which comprise a polarizer. More specifically, the invention 
relates to complex, that are compound polarizers made of several polarizing layers. 
The invention uncovers th e pr i n ci pl e of ero ssp pola riz ation , i n wh i eh compleme nt ary 
polar ir ing l aye rs ar e r c e i pr oc q l l y c o upl ed the most simple arrangement of cross- 
polarization, in whi ch each sub-beam of a split or a combine process goes through both 
a trans mission and a reflection at a polarizing layer. Cross-polarization is achieved by 
the arrangement of 3 polarizing layers without additional optical elements . 

DISCUSSION OF THE STATE OF THE ART 

[00021 A short survey on simple polarizers (in contrast to complex, compound 
polarizing systems) is provided in patent application DE102004006148, the content of 
which is part of this application. In this publication the significance of our invention for 2- 
channef display systems is explained. Therefore, we present here a short overview on 
the state of the art of polarizing systems used in such display systems. 

f0003l In 1990, Lee (DE4040081 ) described a layout for transmissive liquid crystal 
displays ( LCD), in which a polarizing beam splitter (PBS) was used to split an incident 
unmodulated light beam and a second PBS was employed to superimpose the two 
polarized beams after their modulation by the imagers. 
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r0004l For reflective LCDs po la r izi ng s y s te ms Baur et aL (US[[6]]5028121 ) already in 
1988 uncovered an architecture that includes only one PBS, This single PBS is used for 
both separation of the polarized beams (splitter function) and the superposition (as well 
as polarization recombination) of the two modulated beams. A similar polarizer 
arrangement is found in Gibbon et al. (2001, US20030020809) and is also described 
in Svardal et aL in 2001 (WO03058342) for the use with LCoS (Liquid Crystal on 
Silicon) Displays (Ftg.l A). A somewhat similar engine, but with a split/recombination 
system for several color channels was described by Hattori and Oikawa in 1996 
(US5798819). 

f0005l For use with [[DMD (]]Digital Mirror Devices [[)]) fPMPs ) Fielding 
(US20010040670) shows a light architecture with only a single PBS for beam splitting 
and superposition. Solutions for a 2-channel DMD system, which take into account that 
there is currently only one topological form of the (stereojsomeric) DMD were 
uncovered by Bausenwein and Mayer in 2003 (DEI 0361 91 5). This architecture uses two 
PBSs, one for beam splitting and a second for superposition. 

f0006l All engines, which use a single PBS for the superposition (Fig.1 A) inherit the 
intrinsic properties of the PBS , w hi ch a r e a symm etr ic ally r e s pe cti ve t h e d i ffere n t 
po l ariz at io n co ntra s t (dich ro ie rat i o ), t h e di fferent i nten si t i e s ( tra ns m issi on a n d refle xi o n 
ar e u ne qu al ) of t h e two beam s and a geometri c a sym m e t ry i n t h at only o n e be a m is 
fo lde d ( th e „S" "beam is f olde d by the r e fl exi o n). Sim p l e (sin g le) be a m s p li tte rs a r e 
c h a r ac te r i s e d by th ei r dif fe rent po lar iz at i on contra s t o f t he t w o p a rtial be a m s ; wh i l e the 
tran s m issive „P" 4> e am is c o n t a m i nate d" wi th onl y 1/1000 th „S" - pula r ize d li ght („S" - 
polar ized li g ht is virt u al l y not tra nsm itte d), the refle c te d „S" -beom ( dott e d li n e) co n ta ins 
ap pro xi mately 5 p er c ent „P // -polar iz ed li ght („P" -polari ze d l i ght be i ng reflected b y 5% 
at the P B S). Insu ffici e nt polar iz at i on c ontra s t is e s pec i al l y p r ob l emat ic f or the use o f 
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LCoS i ma g er s (LG d ts pla ys, w hi c h r e fl ec t br i ght pixels i n t he m o du l a t ed i mag e wit h a 
rotated p o l arisa t i on plan e, w hi l e da r k p ix e ls ar e r e fl e cte d w i t hou t a change o f 
pol a ri z at i on , F i g .l A). : transmissive and reflective paths differ in several aspects (we call 
this a functional "asymmetry"): polarization contrast (djchroic ratio) and intensities of the 
two sub-beams resulting from a split of a natural light beam are different. There is also a 
geometric asym metry in that only one beam, the "S°-polarized beam, is folded by the 
reflection. Because ^"-polarized light is virtually not transmitted, the transmitting "P"- 
polarized beam is "contaminated" with only 0,1% "S^polorized light, which leads to a 
polarization contrast r^ V r of 1000:1 : whereas the reflected w S"-beam (Fig.l A, dotted 
line) contains appr oximately 5% n P n -polarized light tr^ » 20:1), A polarization 
contrast as low as that is especially problematic for the use of LCoS imagers. These LCoS 
displays modulate an incident polarized beam by reflecting bright image pixels with a 
rotated polarization plane (ON-beams) and reflecting dark pixels without a change of 
polarization (OFF-beamsh Fig.l Ah The n S w -beam, incident on RLM1 (spatial light 
modulator) contain a contamination of 5% P-polarized light (not shown). This "P"- 
polarized light is, at dark pixels, reflected with its incident polarization, and thus gains 
access to and contaminates the ON-beam of RLM1, since it has the same polarization as 
the modulated light reflected from bright pixels by RLM1. The transmitted ,r P"-light 
incident on RLM2 contains less polarization impurity. However, this "P w -light, reflected at 
dark pixels by RLM2 as "Plight, will then partially (5%) be reflected by PBS PI into the 
ON-beam of RLM2. Therefore, both channels are similarly subjects to the imperfect 
polarization function of the PBS (channel 1 at the incident beam when the beam is split, 
channel 2 at the l e av i n g output beam, when the images are superimposed), leading to a 
low image contrast of only about 20:1 for both channels. 

f00071 As a consequence, for 2-channel display systems with LCoS displays, various 
architectures with complex, multiple polarizers (see Fig.l B) have been disclosed 
( US5921 6 50 Doany and Rosenbluth in US5921650. US6200034 Brennesholz in 
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US4280034. WO03007074 Roth ond S h mu el in WO03007074, 

CP1337117 Th om s o n SA CTDonnell et g|. in EP1337117 K The architectures of these [[,]] 
topological^ similar solutions is shown in Fig J B. In all cases[[,]] the polarizer is 
composed of 4 PBSs, the arrangement is such that the thin-film layers of the PBSs form a 
compound "X". Additionally, the light guidance is similar: An input PBS splits the incident 
beam into a reflected "S^ -polarized beam and a transmitting tra ns m issive "P n -polarized 
beam. The "S"-polarized beam, folded at PI, is then folded back by P3 into a direction 
parallel to the direction of incidence by P3, and onto a first LCoS display (RLM1 ) 

» 

( p o lar iz at i on l a yer s o f PI and P3 f orm i n g t h e „in p u t q u adrant " of t h e X - s t ruc t u r e) . The 
R P"-polarized beam, which transmits PI, tran s m i t s also transmits P2 in th e q ua drant 
o pp o si t e o f t h e i n p u t qu a d rant . B ot hs RLMs r e fl ec t t he l igh t at da r k pixe l s (O F F) b ack to 
t he li g h t s o u r e e witho u t m o d ula ting the i r pol ar iz ation . B r i ght p ix e ls (ON) ar e mo du l a t e d 
by a rot ati on o f the i r po l a riz at i o n. Th e „S" 'be a m , wich is fol de d tw ic e , wil l le ave RLM1 
a s „P" - be a m and lea v e t h e sys te m s tra i ght af ter tr a n sm itt i ng both P3 and P4. T he „P // " 
b eam / tw i c e tra nsmi tt i ng before rea c h i n g RLM2, w i l l as „S // ' be om lea v e the s y s t ems 
a ft e r two r e fl exi on s at P2 and P4, togeth e r w i th th e „P // " b e a m in a n o u tp u t q u adrant of 
the „X " ' S t ruc t ur e s, op posi te to the inci de n ce , and is incident onto the second LCoS 
display (RLM2), The "S w -poJarized input beam, which is folded twice, will be modulated 
by RLM1 to a n P n -polarized ON-beam and leave the system straight afte r transmitting 
both P3 and P4. The w P"-polarized input beam, twice transmitting before reaching RLM2. 
vyill be modulated to a n S w -polarized ON-beam and leave the system after two 
reflections at P2 and P4. together with the "P^beam, This complex polarizer is a 
significant improvement re l a ti ve compared to the single PBS so l utions wi th LC o S 
dis p l ay s . The advantage c omp a red to si n gl e PBSs is prov i d e d is realized by the 
combination of several polarization processes, in which the contaminations are 
rep et i t ive ly successively reduced (mathematically described by a multiplication of the 
dichroic ratios resulting from simple polarizations ). However, even in this arrangement 
of 4 PBSs there should be additional cleanup polarizers, to reduce or remove the "P w - 
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polarized light in the "Slight upstream and downstream of the modulators. These 
contaminations are a disadvantage of the coupling of identical polarizations {S-S, P-P) in 
the two channels. 

[00081 Fulkerson et ol. tWO0063738, US6490087) have uncovered another complex 
polarizer by including 4 polarization rotators (also known as halve-wave plates or A/2 
plates) to 4 PBSs (Fig.1 C). While the geometric arrangement of the PBSs is the same as 
in the systems described above, the halve-wave plates arranged between the PBS lead 
to two significant changes in the beam paths: the transmitting input beam is rotated from 
the "P*-polarization to the "S^polarization. It will therefore not transmit P2, but be 
reflected by P2 onto a LCoS display. Similarly, the reflected input beam will be rotated 
by a second halve-wave plate from the ^"-polarization to the ^"-polarization. This "P" 
polarized beam will not be reflected by P3, but transmit it to the second imager. The 
same polarization rotations are carried out for the ON-beams. With the help of 4 holve- 
waves plates Fulkerson et ol. achieve the coupling of transmission and reflection in both 
input beams and in both ON-modulated beams. For the cost of 4 halve-wave plates all 
beams have the same intensities and the same dichroic ratios. This system certainly has 
its advantages but uses additional parts to the PBSs, which introduce cost, weight and 
intrinsic optical complications like wavelength-dependences. 

[00091 In contrast to the architectures described above we hav e in our application 
(PCT/DE2005/000194) we have developed the cross-polarizer c r oss »po l or ir ation , wh i ch 
co up le s co m pl em e ntar y pol ariz atio ns s ym m etr ica ll y q nd rec ip roeo l l y . T hree polari zin g 
la yer s a r e a rranged in a w a y, th a t bot h part i a l b eam s i n th e p o lar ize r Nothing but the 
proper arrangement of polarizing layers cause s that both sub-beams in the polarizer go 
both through both a transmitting, and a reflective polarization process. ■ both beam s a r e 
then of the s ame pol ariz at i on contra st both a re of the sa me i nt e n si ty , a n d both a re 
re fl ect e d o nc e . T he c ro 3» polar i zer generate s sym metr i c beam sp lit or b eam 
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recombination; M oreov e r , c o mp l e x er o s s »p o l a rirer s render po ss ible We call transmission 
and reflection in the PBS w complementory" processes, and also refer to W S"- and "P- 
polarization states as being complementary, since they complement each other to 
natural light. Natural unpolorized light split by our invention leads to two polarized sub- 
beams which have the same polarization contrast, the same intensity, and which both 
are reflected once. We call this a functionally "symmetrical" beam split for "symmetrical" 
beam recombination) . We have also used the term reciprocal to denote that in one 
beam the transmission precedes the reflection while in the second beam the reflection 
precedes the transmission. We also introduce complex crosvpolarizers, which consist of 
several simple cross-polarizers. They render possible very efficient architectures of 
systems employing two complementarily polarized light beams (e.g. 2-channel display 
systems with spatial light modulators). 

DETAILED DESCRIPTION OF THE INVENTION 

1 . W or kin g pr i nc i p l e Mode of operation of the polarizers used and introduction of 
designators. 

[00101 Polarizing layers of the beam splitter type split an unpolarized light beam in two 
linearly polarized light beams (Fig.2). A vector VI, coplanar with the polarization layer 
PI, together with the optic axis of incidence Al and the optic axis of the r e fle x ion 
reflection A2 defines the plane of polarization (POP) of the light which is reflected from 
electromagnetic rays incident on the polarizing layer (polarizing re flexi o n reflection) 
and, respectively, the plane of polarization of light which transmits the polarizing layer 
(polarizing transmission). Layer vector VI and the axis of incidence Al span the plane 
El. El is perpendicular to the plane of polarization E2 of the transmitting beam 
(POPtrans). Layer vector VI and the axis of reflection A2 span the plane E3, which is 
the plane of polarization of the reflected beam (POPref). 
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[0011] We have introduced the term s abo v e , be c a us e t h e y term polarizing layer vector 
V and defined it such that it can be used both for the thin-film polarizer (Fig 2A, e.g. 
MacNeilte type) and for a cartesian polarizing beam splitter (Fig.2B, wire grid 
polarizer, e.g. Proflux™ from Moxtek). 

f 001 21 In thin-film polarizers, which work operate according to Brewster 's law, the 
plane of incidence (POI) directly determines the plane of polarization (POP) of the 
transmitted and the reflected light: the transmitted light ( ,r P"-polarized) has a POP 
parallel to POI (E2 in Fig.2A), the reflected light ( w S B -polarized) has a POP 
perpendicular to POI (E3 in Fig.2A). Accordingly, it is possible to determine a layer 
vector V in thin film polarizers (VI in Fig.2A), which is always perpendicular to POI (in 

* 

these polarizers, POP and POI are strictly coupled). 

[00131 Cartesian polarizers make it possible to uncouple POP from POI (Fig.2B). The 
layer vector V of a cartesian polarizer is determined by properties of the polarizing 
layer itself (e.g. in wire grid polarizers the orientation of the wires in the polarizing 
layer, compare VI of PI in Fig.2B). Layer vectors, and accordingly the POPs, can be 
chosen independently from POI. 

[0014] Single polarizing beam splitters of both types, thin-film and cartesian, have in 
common the different polarization contrast for the two part i a l sub- b earns. While the 
transmitted beam is rather clean and is contaminated with less than 1/1000, the 
reflected beam contains about 5% of the opposite polarization. 

2. The cross-polarizer: reciprocal polarization at polarization layers, which a re mu t u a l l y 
act complementary. 
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f 001 51 A central aspect of our invention is the multiple coupling of a polarizing 
transmission at one polarizer with a polarizing refle xi on reflection at a second polarizer, 
which i s c ompl e m en t a r y we therefore call to act "complementary" to the former. 

f 001 61 Three polarizing layers PI, P2 and P3 with their polarizing layer vectors VI, V2 
and V3 along two optical axes A1 and A2 are structurally coupled such (Fig.3) that PI 
and P2 and also PI and P3 ore m u t u al act as complementary polarizing layers. This is 
achieved when the plane El (plane in German is "Ebene", and we stick to the E in the 
translation because we do not want to confuse polarizers with planes), spanned by A1 
and VI, is perpendicular to plane E2, spanned by A1 and V2, and moreover plane E3, 
spanned by A2 and VI, is perpendicular to plane E4, spanned by A2 and V3. Jhe 
perpendicular crossing of the functional planes El and E2, and that of E3 and E4. led us 
to the terrn "crogj-polarizer". 

[00171 This has the functional consequence [[,1] that a polarizing transmission process 
along Al at PI can be coupled to a polarizing refle x ion reflection process at P2 
(Fig.4A) and a polarizing transmission process along Al at P2 can be coupled with a 
polarizing refle x ion reflection process at P1 (Fig.4B). Moreover, a polarizing 
transmission process along A2 at PI can be coupled to with a polarizing re fl e xi o n 
reflection process at P3, and a polarizing transmission process along A2 at P3 can be 
coupled to with a polarizing r efl e x ion reflection process at PI (not shown, com p. 
compare Fig.4). 

[Q01 81 If one chooses, like in our invention, the direction of the optical axes such that 
these are identical to the corresponding transmission^-]] and refle xi o n [[-]] reflection 
axes of a possible polarization process at PI, the resulting setup can be used for our 
principle of reciprocal polarization (Fig.3). Mathematically described, this is achieved 
when the angle between the normal vector Nl of PI and the optical axis Al is equal to 
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the angle between the normal vector Nl of PI and the optical axis A2* 

f 001 91 In our invention of reciprocal polarization at complementary polarizing layers 4 
polarization processes are coupled: two m u t u a l complementary polarizations in the first 
optic path (a transmission at PI is coupled with a refle xi on reflection at P2) are coupled 
to with two m u t u all y complementary polarizations in the second optic path ( the 
refl exi o n reflection at PI is coupled to with a transmission at P3). We call this coupling 
of the two couplings reciprocal polarization, because transmission and refle xi on 
reflection i n both beam s happen in opposite succession in both beams , - and they hap pe n 
at m u t u a l ly comp l e m e n tar y po l a riz er s . We would like to in dic ate add here already [[,]] 
that the described three-armed cross-polarizer (Fig. 3) can , by t he a d d iti on o f a fo u rt h 
p o l ari z i n g layer , be expanded to a cross-shaped layout (stippled line in Fig. 3) , hence 
the term cro ss- polar iz er by the addition of a fourth polarizing layer . 

3. The three-armed cross-polarizer (first and second embodiments of the invention) 

[0020] Fig.SA shows a first embodiment of the three-armed cross-polarizer, assembled 
with three wire grid polarizers (WGP), in which the direction of the layer vectors (grid 
orientation) is not spectfcoHy ad jus te d te the pla n e o f incid enc e perpendicular to [[(]] 
POI [[)]], and where the angles between POP and POI are neither not equal to 0 [(or]] 
nor to 90 deg rees . An unpolarized light beam incident on PI is split into two linearly 
polarized light beams, both of which run through an additional polarization process, 
which is m u t ua lly complementary to the first process. The beam transmitting PI 
ex per i ence s goes through a polarizing r efle xi on reflection in P2, and the beam reflected 
at PI e x pe r ienc es a po l ari zi ng tra ns m issi on at transmits P3. As has been mentioned 
above, it is po ssi ble with cartesian polarizers it is possible to uncouple the plane of 
polarization (PO P ) from the plane of incidence (PO I ) . As a consequence, the POPs of 
the two part i a l sub- beams, which are generated in the beamsplitter PI by refl exi on 
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reflection and transmission, have polarization planes which are HGf not orthogonal 
towards each other (as long as VI is neither parallel nor perpendicular to POI). As a 
reference system for POP (or the e-vector) of a beam we use a cartesian coordinate 
system xyz with the coordinates z, denoting the direction of the beam, x, wh ic h i s being 
perpendicular to z and parallel to POI, and y w h ich i s being perpendicular both to z 
and POL Only after each of the beams is folded once (e.g. after the beam transmitting 
PI is folded at P2 as a consequence of re fl e xi on reflection ), both beams are, in their 
relative coordinate systems, "ortho-polarized" { t ha t i s the angle between their POPs 
[[is]] being 90 deg rees ). T h is ortho- si t u at i on is a lw ay s ach ie ved by the cro ss "pol o r ize r . 

[0021 J A second embodiment, as an important special case of the first embodiment, is 
shown in Fig.5B. Layer vectors are chosen such that VI is perpendicular to POI and V2 
and V3 are parallel to POI. Of course, the opposite angles are also feasible. This results 
in a cross-polarizer made of only two physical polarizing layers (one of them with two 
polarization "hotspots"). PI now works in a rather simitar way to a thin-film polarizing 
beam splitter (e.g. MacNeille type), if the angle of incidence is chosen a s s hown w ith to 
be 45 deg rees to the normal of the polar zi ng polarizing layer. In this situation, the POP 
of the reflected beam is perpendicular to POI and the POP of the transmitting beam is 
parallel to POI. According to the state of the art for thin-film beam splitters, the beams 
could be designated as "S" and "P" (S=Senkrecht, german for perpendicular, and 
P-parallel) polarized beams. 

4. Polarization contrast in the cross-polarizer 

[0022] The polarization contrast resulting in a cross-polarizer is shown in Fig. 6. The 
m u t u ally complementary processes are quantitatively described. T he us age of Beam 
splitting with a cross-polarizer leads to equally high polarization contrasts for both 
partial sub- beams. The following evaluation uses data of the Proflux™ WGP from 
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Moxtek. The linearly polarized "P" light beam transmitting PI (transmission coefficient tc 
■ 0.885) will be maximally reflected by P2 ( refle x ion reflection coefficient re = 0.88) 
(Fig.6A). The "S" polarized beam transmit[[t]]s PI minimally (tc - 0.003) and is 
minimally reflected by P2 (re = 0.05) (Fig.6B). All data is taken from "Kahn: Doing it 
with stripes, Private Report on Projection Display, V7,No.lO, 2001, 
www.p^ofluxpolarizer.com ,, . The mutually complementary situation is shown in 
Figs.6C,D. A beam incident on one of the polarizers has, in the transmitted beam a 
relatively high polarization contrast of 0.885/0.003 - 295:1. The reflected beam has a 
comparatively small contrast of 0.88/0.05 = 17.6:1. However, after the second 
polarization in the cross-polarizer, both beams have a equally high polarization contrast 
due to the coupling of a polarizing transmission and a polarizing reflection (295 * 17.6 
- 176 * 295 > 5000:1). 

5. The 4 armed fourormed cross-polarizer ([[3rd]] third and [[4th]] fourth embodiments 
of the invention) 

[0023] To set up a [[4]] four-a rmed cross-polarizer the [[3]] three- armed cross- 
polarizers shown in Figs.5 are supplemented by a fourth polarization layer (Fig.7) such 
that P4 forms with P2 along a third optical axis A3, and with P3 along a fourth optical 
axis A4, an additional [[3]] three- armed cross-polarizer (comp. Fig. 3). The cross-like 
structure of polarizing layers contains 4 quadrants, which are in the following 
designated as south, north, west and east quadrants. Fig.7A s h o wn s shows a cross- 
polarizer in a third embodiment of our invention where the layer vectors (and thus the 
resulting POPs) are uncoupled from POL 

[00241 Fig.7B shows a fourth embodiment of the disclosure, a [[4]] four- armed cross- 
polarizer with layer vectors parallel and perpendicular to POL In this arrangement, it is 
possible to couple multiple cross-polarizers. In contrast to the third embodiment, where 
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the crossrpolarizers P1,P2,P3 (optical path is a continuous line) and P3,P4,P1 (optical 
path is a s t ip pe led sti ppled line) send light with a different polarization direction in the 
two hcrtf* halves of the west quadrant, in the fourth embodiment both input cross- 
polarizers send "P n -polarized light into the west quadrant, and "S ,f -polarized light into 
the east quadrant (Fig.7B). Analogous to the [[3]] three- armed crossrpolarizer shown in 
Fig.5B, P2 and P3 have the same layer vector, additionally also PI and P4 have the 
common layer vector. Therefore, the layers may have contact in the center of the 
arrangement or even may be realized as continuous layers. As a consequence, in this 
[[4]] four-a rmed cross-polarizer (fourth embodiment) with layer vectors parallel and 
perpendicular to POI it is possible to feed both PI and P3. We have designated this 
arrangement the "closed" form of the [[4]] four-a rmed cross-polarizer, in contrast to the 
embodiment shown in Fig.7A, which we call the "open" form of the [[4]] four-a rmed 
cross-polarizer. 

[00251 An important detail of the closed form (Fig.7B) is the central crossing line. Its 
physical size depends, beside imprecisions in the actual manufacturing process, also on 
the thickness of the cartesian polarizing layer. In the WGP made by Moxtek, it is less 
than 0.2mm thick. The closed form of Fig.7B (comp. also Fig.8B) illustrates the temporal 
commutative law for successive transmission and r e fle x io n reflection in the cross- 
polarizer: light of a certain polarization direction incident on PI (one half of the south 
quadrant) will first transmit PI and then be reflected at P2, light with the same 
polarization direction incident on P3 (other half of the south quadrant) will first be 
reflected at P3 and then transmit PI . Despite the different temporal order of these 
polarizing processes, both output beams sent in the two h qlf s halves of the output 
quadrants (east, west) are of identical intensity and of the same polarization contrast. 
This is caused by the multiplicative interaction of refle x ion reflection and transmission 
coefficients. The doubling of the incident beam width allows one to reduce the cross- 
polarizer footprint by a factor of 4 to only 25% of the footprint of the third embodiment 
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(compare Figs,8A,B). 

6. Cross-polarizing principle in 2 -channel display systems including polarization-rotating 
reflective spatial light modulators (fifth and sixth embodiment) 

f 002 61 The addition of a fourth polarizer to a [[3]] three-a rmed cross-polarizer has far- 
reaching consequences for its use. Fig. 8 shows in a fifth and sixth embodiment of our 
disclosure the assignment of the [[4]] four-a rmed cross-polarizer in the open (Fig.8A) 
and closed (Fig.8B) form for a two-channel display system. The optical path shows a 
two-channel display system with two reflective spatial light modulators (e.g. polarization 
rotating modulators of the type LCoS) interact with the cross-polarizer, in which the layer 
vectors are parallel and perpendicular to POL 

f0027l In the open form (Fig.8A) unpolarized light is incident in one half of the south 
quadrant (IN). "P"-polarized light, transmitting PI, is reflected at P2 and fed onto the 
spatial light modulator RLM1, which occupies one half of the west quadrant. "S n - 
polarized light, reflected at PI, transmits P3 and is fed onto RLM2, which occupies one 
half of the east quadrant (cross-polarizer P1,P2,P3). At dark, unmodulated light pixels 
(OFF) the image modulators reflect the light back, along the paths of incidence, without 
changing its polarization. At bright pixels (ON) the modulators will rotate the 
polarization of the incident beams to the complementary polarization ("S n -IN becomes 
"P" -ON, and ?f P"-IN becomes n S"-ON). For the superposition of theses ON-beams into 
one of the halfs of the output quadrant (north) the second cross-polarizer (P4,P2,P3) is 
used. This open form can also be used with layer vectors different from Odeg or 90deg, 
therefore any polarization direction is feasible. 

f00281 In the closed form (Fig.8B) it makes sense to feed both PI and P3. Now, two 
three-armed cross-polarizers (P1,P2,P3) and (P3,P1,P4) will split the unpolarized 
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incident light and feed n P n -polorized into the entire west quadrant and "S'-polarized 
light into the entire east quadrant. While the unmodulated OFF-beams will be reflected 
back to the input quadrant (south), the polarization-modulated ON beams will be 
superponed by two further cross-polarizers (P4 / P2 / P3) and (P2,P1,P4) and exit the 
arrangement via the north quadrant. This arrangement for image modulators is such 
effectively shrunk. The closed form will occupy only a quarter or less than a open form. 
This allows one to design very compact light architectures (minimum size of the cross- 
polarizer is a quadratic area with a side length of RLM width). 

[0029] Especially in this sixth embodiment with polarization-rotating reflective spatial 
light modulators the symmetrically acting principle of the cross-polarizer both for the 
beam split and for the superposition is very obvious. Both pa r tial sub- beams, derived by 
the polarizing beam split, leave the cross-polarizer symmetrically into opposite 
directions, along the east-west axis. The same principle applies for the superposition, in 
which ON- and OFF- beams for both channels leave the cross-polarizer symmetrically in 
opposite directions along the north-south axis. 

7. Cross-polarizing systems and types of polarizers used 

f0030] All embodiments above are realized with by using wire grid polarizer s, wh i ch 
In most examples shown, the polarizing layers are perpendicular to a ground plane (the 
normal vectors of the layer planes being coplanor) . The light guidance in all systems 
above is realized only by polarization beam splitters within the cross-polarizer. In the 
following we uncover that none of these restrictions is necessary for the cross- 
polarization principle. Other arrangements and other types of polarizers are 
compatible with cross-polarizing systems (Fi g . 9) . 

f0031 1 A dd i t i o nal reflect i ve mean s M (e. g . m ir ror s) i n the o p ti c al pat h SI betwe e n the 
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pului i z ing l ayer s of the c ro ss« pola riz er ar e po ssi ble ( o n ly one opt i cal path i s s hown , th e 
s a m e appl i e s to th e se cond ). I n th is ca se, the p l ane s E l a n d E2, d e fi ned b y lay er s VI 
an d V2 and the opt ic al a x i s, a re n ot arranged o n a e ommo n a x i s, an d are th us no 
lo n g er p e rp e n di c ul ar to ea ch o th e r I n s tea d, the f ol de d p lane El wh i ch is der i ved by 
El thro u g h succ e ss ive f ol di n gs at t he r e fle xi on sit e s of SI a long SI, is perp e n dicu l a r t o 
E3r if additional reflective means M (e.g. mirrors) ore inserted between two polarizing 
layers (Fig. 9), the optical axis (e.g. AD is transformed into an optical path SI. In this 
case, both axis A1 and the plane El. defined by layer vector VI and A1 are 
transformed by folding or foldings along the path of SI into a folded plane El * and a 
folded axis A1 *. Cross-polarization results if the folded plane E1 * is perpendicular to 
the plane E2. spanned by V2 and the folded axis A1 * (shown as SI through P2 in 
Fig.9). In Fig. 9, the POIs of the mirrors are chosen such that they are either parallel or 
perpendicular to the POPs of the folded beams. This preferred POI of the mirror is, 
however, not required. Other POIs may be used, however might re fl e c t lin ear l y 
polar ized ligh t a s result with ellipticallv polarized reflected light. In that case, additional 
polarization corrections with wave : plates could be included in the systems (e.g. full 
wave plates). I n any e a s e , t h e c ommon gro u nd p l a ne c an b e re s o l v e d by add in g 
a d ditio n al m e an s of r e fle x ion (co mp a r e Fi g. 10). 

[00321 In our application DEI 020040061 48 we have indicated that WGPs with certain 
layer vectors can be replaced by polarization beam splitters of the MacNeille type (e.g. 
PI in Fig. 9). This will be illustrated in more detail[[led]] in the following embodiment. 

8. The [4]] four- armed cross-polarizer made of 4 thin-film type polarizers with 
polarization rotating reflective spatial light modulators (seventh embodiment of the 
invention) 

[0033] The cross-polarizer in this embodiment (Fig. 10) consists of 4 PBSs of the 
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MacNeille type, arranged in two planes with two mirrors or total internal reflection 
prisms. Input and output PBSs have the same layer vectors; these two PBSs are situated 
directly above each other and could be made of a single physical PBS. Layer vector of 
polarizers P2 and P3 are perpendicular to that of P1/P4, so that the cross-polarizing 
principle is fulfilled. This layout has, caused by the high channel separation and very 
low absorption of this PBS, theoretically an even higher channel separation than a cross- 
polarizer made of WGPs (0.0001 polarization impurities in the transmitting beam and 
0.05 in the reflected beam, 0.95 transmission coefficient, 0.998 r e fl ex ion reflection 
coefficient, yielding a theoretical channel separation of (0.95*0.998) / (0.0001 *0.05) 
> 180.000:1, compared to 5000:1, data taken from data sheet for PBS, Newport Oriel 
Instruments, Irvine, USA). Moreover, the light efficiency is enhanced from approx. 60% 

(0.885*0.88) 2 to approx. 90% (0.95*0.998) 2 . As shown in Fig.8A, this open form of 
the [[4]] foyrarmed cross-polarizer can be used with polarization-rotating reflective 
spatial light modulators. The same kryottt arrangement i s, o f c ours e , also possible with 
WGP (not shown). 

9. The cross-polarizer in 2-channel display systems with image modulators of the type 
m iero ^ le c tro- m e c ha ni cc lsys te ms Micro-Electro-Mechanical-Systems (MEMS) 

[00351 Th e d is tinct i vene ss o f t h e li ght eng i n e arch i tect u re f o r MEMS (Fi g . 11 ) ar e t h e 
chara c te r i s t i c s of reflect in g spa ti al l i ght mod ul ator s, wh ich MEMS modulate the incident 
light not with a change (rotation) of polarization, but with a change of the direction of 
the reflected light. MEMS according to the state of the art consist of an array of 
electronically deflectable mirrors, which reflect the ON-beams in the direction of the 
normal to the modulator surface (Digital Mirror Devices, DMD by Texas Instruments). 
T he i n cid en c e , w i th re c ent DMDs, h a s an angle of 24 d egree s t o the norma l o f th e 
mo du lator . 
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f0036l DMD modulators, according to the state of the art, show stereo-isomeric 
characteristics (of which only one form is recently produced). Since a single polarizer 
folds only one pcrrfrof sub- beam at superposition, it is preferable to use either an 
isomeric pair of modulators or to apply an additional folding to one channel prior to 
superposition to obtain the virtually stereoisomers form (Bausenwein and Mayer, 
DE10361915). The cross-polarizer, in contrast, folds both channels - and thus allows one 
to use only a single DMD type (e.g. the currently available stereoisomer) without 
additional means of refle xi on reflection (in Fig. 11, a closed cross-polarizer is shown). 
T he i nc id ence on th e e ro s>p o l art z er ta k e s p l ace The incident beam reaches the DMD 
surface under an angle of 24 deg rees t o the footp rin t of t he a rran ge m e n t . This 
corresponds to the double deflection angle of the micro jnrrrors of the recent DMD. The 
mirrors reflect the light at bright pixels (QN-beom) into the normal of the DMD surface. 
These ON-beams are superposed in a plane which is parallel to the ground plane of the 
cross-polarizer. Light at dark pixels will be reflected under an angle of 48 to the normal 
(twice the incidence angle) opposite to the incident light towards a light dump (not 
shown). Incidence (IN) and the output of the system (ON) in this embodiment take place 
in the south quadrant. In an open form according to Fig.5 a [[3]] three-a rmed cross- 
polarizer is sufficient for the system. If there are additional q u art erw av e quarter wave- 
plates (A/4) between cross-polarizer and modulators, the ON light will be guided to the 
north quadrant (not shown). 

10. The [[2]] two- armed form of the cross-polarizer (nrnetfr ninth embodiment of the 
invention) 

[00371 The [[3]] three- armed cross-polarizer can, under certain conditions, be 
meaningfully reduced to a [[2]] two-a rmed cross-polarizer (Fig.l2A). This can be 
achieved by guiding a partial sub- beam, derived by a polarizing transmission of PI, in 
the optical path SI, by a mirror M onto the polarizer P2 in a way that this polarizer 
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reflects this parHai sunbeam. Additionally, the other partial sub-beam, derived from a 
polarizing r e fle x i on reflection at PI, is guided in the optical path S2 onto P2, optionally 
by another mirror (M) in a way that this part ial syb4>eam transmits P2. 

[00381 The [[2]] twaarmed cross-polarizer can be used for arbitrary complementary 
polarization directions. However, there is a significant difference to all [[3]] three- armed 
and [[4]] fourarmed cross-polarizers: the pa r ti al sub- beams cannot be tapped outside 
the involved PBSs: the p art i al $yb:beams in SI and S2 only exist between the two 
complementary polarization processes. This embodiment can be used for example in 
two 2-channel display systems with t he type MEMS MEMS type image modulators, 
which are then located on SI and S2 between PI and P2 (not shown). Since MEMSs do 
not modulate the light via a change of polarization, the polarization impurities still 
contained after one simple polarization, do not interfere with modulation and will be 
largely removed at superposition. This leads, even with the embodiment of the [[2]] two- 
armed cross-polarizer with MEMSs, to a high channel separation of >5000:1. Crosstalk 
between the channels is then less than 0.0002. Like in the other embodiments, the two 
modulated partial sub- beams, superposed in the common ON-beam, can again be split 
by an external analyzer, e.g. passive polarization glasses. 

11. Cross-polarizers with glass prisms 

f00391 The open 2,3 a nd 4 two-, three- and four-a rmed cross-polarizers are easily built 
from single, discrete polarizers. More intricate is the production of the closed form, 
since the quality and dimensioning of the central crossing line gets important. In 
DEI 02004006148 we have introduced prisms, from which the closed form of the cross- 
polarizer can be built with cartesian p o lari z er s polarizers. We have also shown that 
cartesian polarizers can be replaced by MacNeille type PBSs. Fig.13A shows such a 
MacNeille type PBS, the polarizing layer of which is positioned between two right 
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prisms. The resulting prism ts (Fig.l3A) is completed with a wire grid polarizer to yield a 
[[3]] three- armed cross-polarizer, with a layer vector of the WGPs chosen such that the 
WGPs acts complementary to the PBS. As an alternative to the thin-film polarizer PI 
there could also be an WGP between T1 and T2 (Figs.13B,C). For some applications, it 
is useful to add a prism without polarizing function (Figs.13A-C). The closed form of the 
[[4]) four-a rmed cross-polarizer can be built in multiple ways, e.g with two prisms as 
shown in Figs.l3A-F (an example is Fig. 13!) or with four prisms as shown in Fig.13E and 
Fig.l3F (as is shown in Fig.13H). Also, a prism as shown in Fig.13A can be 
supplemented by a triangular thin-film polarizer wi tho u t th is hav i ng a WGP a ppli e d 
(Fig.l3G). Those known to the art or science can deduce many more possibilities. Some 
of the resulting arrangements may contain a double WGP layer with parallel layer 
vectors (Figs.l3H,l). Alternatively two-sided WGPs c an b e app li e d at a ny l ay e r (as 
described by e . g . EP1156319 Kameno and Yoshilci , J o s co C or p.; in EP1158319, or 
Silverstein et al. in US20030072079 or and US20040120041 , both by Si l ve r s t eir t e t a l., 
can be applied at any layer . For the application of the wire grid layers onto the 
substrates, e.g. glass, several techniques have been described. In addition to the 
already mentioned WGP of Moxtek we exemplorily mention alternative methods, e.g 
from Kodak (e.g. EP1239308, EP1411377). Beside WGP, other cartesian polarizers 
may also be involved, e.g. from 3M (US6391528, Moshrefzadeh and Thomas). 

12. Cross-polarizers concluded with a body 

[0040] In Fig. 14 we show a [[4 J] four-a rmed cross-polarizer, which is concluded by a 
body. This makes it possible to fill gases or fluids in the body, resulting either with a 
desirable change of refraction properties or, when inert gases are used as filling 
material, with a reduction of undesired corrosion effects of the wires (e.g. Kane and Kus 
inJJS20030117708744ttltps). Fig.UA shows the open, Fig.UB the closed form each 
contained in a body. In the north quadrant a projection optic may be integrated. This 
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may help to accomplish a very compact architecture. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

[0041 1 Fig.1 A fprior art) shows schematically shows a c ompari s o n of a light engine for 
a 2 -channel LCoS-driven display using a simple a nd a co m p l e x polarizer. 
[0042] Fig.1 B (prior art) schematically shows a light engine for a 2 -channel LCoS-driven 
displqy u$ipg g qomplgx pplqrizgr made of 4 PBSs and 2 cleanup polprizers. 
[0043] Fig.1 C (prior art) schematically shows a light engine for a 2-channel LCoS- 
driven display using a complex polarizer made of 4 PBSs and 4 halve-wave plates. 
[0044] Fig.2A shows s che m atica l ly the pr i n ci ple of polar izi n g b eam s pl i tt e r s the 
polarizing layer vector V in a MacNeille type PBS . 

[00451 Fig«2B shows the polarizing layer vector V in a cartesian PBS (e.g. a wire grid 
polarizer) . 

[0046] Fig.3 shows sc hemat ic al l y st r uc t u ra l c har a cter is t ics o f the e ro ss -polar izer the 
vectors and planes necessary to describe the cross-polarizer . 

[00471 Fig. 4 A shows s ch em ati c a l ly f un ction a l charact e r is t i c s of t he c ro sS "p o lari zer an 
arrangement of two polarizing layers which are arranged to couple a reflection and a 
transmission of a beam with the indicated POP . 

[00481 Fiq.4B shows the same layers as in Fig4A achieve to couple the complementary 
polarization processes of a beam with a complementary POP. 

[00491 Fig.5A shows schematically shows a first a nd s econd embodiment of the cross- 
polarizer. 

[00501 Fig.SB schematically shows a second embodiment of the cross-polarizer. 
Tig. 6 s how s s chem a ti c a l ly the p ol a riz at i on contra st i n t he c r osv po l ari ze r . 
[00511 Fia.6A shows coefficients for ^'-transmission at PI and the coupled "P n - 
reflection at P2 in the cross-polarizer fdata for ProFlux polarizers). 
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[0052] Fiq.6B shows coefficients for B S"-transmission at PI and the "S"-reflection at P2 
in the cross-polarizer (data for ProFlux polarizers). 

[00531 Fia.6C shows coefficients for "PVeflection at PI and "P" transmission at P3 in 
the cross^polorizer fdata for ProFlux polarizers). 

[00541 Fia.6P shows coefficients for "SVeflection at PI and the coupled "S"- 
tronsmission at P3 in the cross-polarizer (data for ProFlux polarizers). 
[00551 Fio.6E shows the polarization contrast resulting from the single coefficients of 
Figs.6A-P in the crpssppolarizer. 

[00561 Fig.7A s how s schematically shows a third a n d f orth embodiment of the cross- 
polarizer. 

[00571 Fia.7B schematically shows a fourth embodiment of the cross-polarizer, 
[00581 Fig.8A shows schematically shows a fifth and six th embodiment of the cross- 
polarizer (with spatial light modulators). 

[00591 Fig.8B schematically shows a sixth embodiment of the crossrpo larizer (with 
spatial light modulators). 

[00601 F»9? shows sc hem a t ic a lly optional foldings in the light path of the cross- 
polarizer. 

[0061] Fig. 10 s ho ws schematically shows a seventh embodiment of the cross-polarizer 
(made of 4 MacNeille-PBSs). 

[00621 Fig. 11 sh ow s schematically shows a eighth embodiment of the cross-polarizer 
(with MEMSs). 

[00631 Fig.12A shows the transformation from the second embod iment of the invention 
into the ninth shown in Fig.12B. 

[00641 Fig.l2B shows schematically a n inet h ninth embodiment of the cross-polarizer. 
Fi g , 13 s how s sch ema tic a l l y c r oss -po lariz er s w i th gla ss pri s m s. 

[00651 Fia.l3A shows a compound triangular glass prism carrying an inside thin-film 
polarizing layer and and outside cartesian polarizing layer. 

[00661 Fia.13B shows a compound triangular glass prism carrying an inside ca rtesian 

Page 23 of 34 

23/34 " RCVD AT 4/15/2010 2:45:04 AM [Eastern Daylight Time] * SVR:USPTO-EFXRF-6/1 1 » ONIS:2738300 * CS1D:+49 9453996618 " DURATION (mm-ss):28-30 



27/97/1992 14:49 +49-9453996618 



BAUSENWEIN 



PAGE 



Appl. No 1 0/587,850 Amdt dated April, 1 2 201 0 Reply to Office Action March 1 9, 201 0 

polarizing layer and and outside cartesian polarizing layer. 

f0067l Fig.1 3C shows a similar arrangement as Fig.1 3B with swapped polarizing 
vectors. 

[00681 Fig. 1 3D shows two glass prisms, each of which carries one cartesian polarizing 
layer. 

[00691 Fia.13E shows a single glass prism, which carries two cartesian polarizing 
layers with different p olarizing vectors. 

[0070] Fig.13F shows two glass prisms, each of which carries one cartesian polarizing 
layer. 

[0071] Fig.13G shows a four-armed cross-polarizer made of two compound glass 
prisms, 

[00721 Fig.1 3H shows a four-armed cross-polarizer made of four glass prisms. 
[00731 Fig. 131 shows a four-armed cross-polarizer made of differently shaped glass 
prisms. 

F i g. 14 sh e ws sc hemat i ca l ly ero ss -polar izen with i n c ompact bo d i es. 

[00741 Fig.14A shows a four-armed cross-polarizer (open form) withi n a body. 

[00751 Fig.14B shows a four-armed crossrpolarizer (closed form) within a body. 



DETAILED DESCRIPTION OF THE FIGURES 

[00761 Fig.1 (A-C) c o m p a re s shows a simple and two complex polarizers in 2-channel 
display systems with polarization se n si ti ve rotating reflective spatial light modulators 
fRLM , e.g. LCoS displays ) according to the state of the art . Fig.1 A shows a design with 
a single PBS. Incident unpolorized light (IN) is split by the polarizer PI in two linearly 
polarized subieams. "S tt -polarized light {dotted line) is directed to RLM1 by polarizing 
re flexi o n reflection . "P^-polarized light (solid line) is directed to RLM2 by polarizing 
transmission. Light beams incident on the RLM at dark pixels (OFF) are reflected without 
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a change of their polarization back to the axis of incidence. Light beams incident on the 
RLM at bright pixels are reflected after a rotation of their plane of polarization ("$"- 
polarized light is rotated to "P"-polarized light and vice versa), and as a consequence 
these reflected beams are superposed into a common ON-axis. Fig.1 B shows a complex 
polarizer with four identical MacNeille type polarizers PI to P4> Unpolarized incident 
light (IN) is split by PI into two polarized subnbeams. The reflected sunbeam from PI 
( n S"-polarization, dotted line) i$ also reflected at P3 and is incident on RLM1. The 
transmitted sub4>eam of PI ("repolarization, solid line) also transmits P2 and is incident 
on RLM2> Beams incident on RLM at dark pixels remain unchanged in their polarization 
and are so reflected back to the axis of incidence (OFF). In contrast the POPs of L ight 
beams incident on RLM at bright pixels are rotated i n their pl an e o f polar iza t i on by the 
modulator . They are superposed into a common ON-axwbegm (incident light that 
transmitted PI and P2 is now reflected at P2 and P4; incident light that was reflected at 
PI and P3 now transmits P3 an P4). Additional clean-up (CP) polarizers are placed 
between PI /P3 and P2/P4. These clean-ups reduce polarization impurities in the 
reflected light beams, they make no contribution to the light path. In the arrangement 
shown in Fig.1 C where 4 halve-wave plates are inserted between the 4 PBSs, the POP 
of the beam transmitting PI is rotated by a first halve-wave plate such that the beam is 
reflected by P2; the POP of the beam reflected by PI is rotated by a second halve-wave 
pfate such that it transmits P3. The same polarization rotations are carried out for the 
ON-b earns. 

10077} Fig.2 shows the wor k i n g operational principle of polarizing beam splitters and 
a definition of layer vector V and normal vector N. Thin-film polarizers fergr like the 
MacNeille-PBS[[,]] £P1 in Fig.2A) polarize an unpolarized beam into two linearly 
polarized sub4>eams. Their planes of polarization E2 and E3 are coupled in such a way 
to with the plane of incidence (POI) that the sub^eam derived from a polarizing 
transmission along the optical axis Al has a POP parallel to POI ( n P w -polarizationJE2) 
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and the sul>beam created by a polarizing r e fle xi o n reflection along the optical axis A2 
has a POP perpendicular to the POI (E3) . A1 is perpendicular to A2 and each axis has 
an angle of 45 degree with the normal vector Nl ( Brew s ter pr i nc i ple ) . The layer vector 
VI, perpendicular to POI, and A2 define the POP E3 of the reflected subieam; the 
layer vector VI and Al define a plane El perpendicular to the POP E2 of the 
transmitted sut>beam. 

Using ca rt esi an pola r izers ( e . g . w i re grid p o l ar iz er s WGP, PI i n Fig. 2 B ), VI d o e s not 
depe n d on POI ( a c co r dingl y, i n polar ize r s usin g t he br e w s t e r pri nci p l e VI is alway s 
perpend icu lar to th e POD. While in M a cNeille type PBS VI is always normal to the POI 
(Fig.2AL in so called cartesian polarizers (e.g. the wire grid polarizer WGP PI shown 
in Fig.2B), the POI can be chosen independently from VI. VI corresponds to the WGP 
grid structure and together with A2 defines the POP E3 of the reflected subieam; VI 
and Al define a plane El perpendicular to the POP E2 of the transmitted sunbeam. 
Each POP of the two sub : beams can (in contrast to the b rew s ter Brewster polarizer[[s]] 
of Fia.2A ) have an angle with POI of PI different from 0 or 90 deg. 

d 

f 00781 Fig. 3 shows structural characteristics of the cross-polarizer: three polarizers PI, 
P2, P3 with the layer vectors VI, V2, V3 and the normal vectors Nl, N2, N3 normal to 
the respective polarizing layer are arranged along two optical axes Al, A2 in a wa y 
t h at s a i d l a y er ve cto rs and s aid a x e s defin e f o u r p l a n e s El, E2, E3, E4 f A VI of PI and 
the axis Al define a^lgne E 1 . , V2 a n d Al d efin e E2, VI a n d A2 defin e E3, V3 and 
A2 defin e E4) w i t h El perpen dicu lar to E2 and E3 perpen d ic u lar E4. Th e alignment of 
th e optical a xis Al dif f e r s from th e al i gn m ent of both N 1 an d N2; t h e al ign me n t o f th e 
opti c al a xis A2 d if f e r s from th e al ig n me nt of both Nl an d N3. T he c u tt i ng an gle of Nl 
a n d Al equals t h ai o f Nl a n dA2. Axis A2 r which is defined by Al being reflected in 
PI. and VI define the plane E3. P2 is arranged such that V2 and Al span a plane E2. 
which is perpendicular to the plane El. P3 is arranged such that V3 and A2 define a 
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plane E4 which is perpendicular to E3. This three-armed cross-polarizer can be 
extended ro a four-armgd cross-polarizer using a fourth polarizer P4 with a layer vector 
V4 and a normal vector N4 along two further optical axes A3 and A4 resulting in four 
three-armed cross-polarizers (P1,P2,P3), (P4 / P2 / P3) / (P2,P1,P4), (P3,P4,P1). 

[0079J Fig.4 A.B show[[s]] functional characteristics of the cross-polarizer: the 
r eci proc a l coupling of a polarizing transmission with a polarizing r e fl exi on reflection at 
two m u t u ally comple m e n tary polarizing beam splitting layers s plitter s , which act 
complementary on a b eam with a given plane of polarization . We call PI mu t ual l y 
complementary to P2 if they are a li gned arranged along an optical axis AT such that 
the s tr u ct u ral c haracter is t ics e x p l ain e d in Fi g . 3 ar e prov i ded , E l bei ng p erpend icul ar to 
E 2. In th is case q lin e arly p ol ar ize d li ght b e a m alo n g a xis A1, wh i c h tr a n sm it s PI, i s 
r eflected a t P2, an d a li near ly po l ar iz ed light beam , wh i ch tr a n smi t s P2 / i s reflecte d at 
PI. We c all thi s cou pli n g o f a p ol a rizin g tr ans m issi o n at on e polari z er and a po l ar izi ng 
refle xi on at t h e c ompl e m e nt ar y p o lar iz er to t h e rever s e proce ss e s reciprocal cou p li n g of 
pola riz er s, a linearly polarized light beam along axis A1. which transmits PI, is 
reflected at P2 and vice versa. If VI and AT span a plane El, and if V2 and A1 span 
the plane E2, and if El is perpendicular to E2 as has been shown in Fig. 3, a beam with 
a POP E2 will transmit VI and be reflected at P2 with maximum efficiency(Fig.4A). 
Another beam with a POP El will transmit P2 and be reflected at PI with maximum 
efficiency (Fjg t 4B), 

[00801 Fig.SA shows a three<irmed cross-polarizer in a first embodiment of our 
invention. Three polarizing layers PI, P2, P3 are arranged each perp e ndic u lar to a 
c o m mon g r o u n d plane paral l e l to the pl ane of i n c iden c e POI with their normal vectors 
coplanar (not shown) . The layer vectors of the polarizing layers correspond to the wire 
grid axes and are aligned such [[,]] that the structural and functional characteristics 
outlined in Figs. 3 and 4 are given provided . We show the split of an unpolarized 
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incident light beam into two linear polarized sunbeams of different polarization. The 
subieam transmitting PI is reflected at P2 (the arrow seen at P2 corresponds to the 
projection of the polarization vector of this beam along the optical axis into the 
polarization layer P2). The sunbeam reflected at PI transmits P3 (the arrow seen at P3 
is the projection of the polarization vector of this beam along the optical axis into the 
polarization layer P3)« After each sub4>eam is subjected to a polarizing transmission 
and a polarizing refl exi on reflection they are complementarily linearly polarized (which 
means that their planes of polarization POP are perpendicular if they are defined by a 
x-y-z-reference system given by the direction of the beam z / the vector x co[[m]]planar 
to the POI and perpendicular to z and the vector y perpendicular to POI and 
perpendicular to z). Fig.5B shows in a second embodiment the layer vector PI being 
perpendicular to the POI and the layer vectors of P2 and P3 being parallel to the POI. 
In this s ett i n g variation of the first embodiment P2 and P 3 are r e placed by a single 
polarization layer comprises both P2 and P3 . 

[0081 1 Fig. 6 shows how the equally high polarization contrast of 5000:1 in both 
channels of the cross-polarizer originates when wire grid polarizers WGPs are used 
(data of WGP beam splitters taken from Kahn: Doing it with stripes, Private Report on 
Projection Displays, V7, NO. 10, 2001, www.profluxpolarizer.com). Polarization layer 
PI with a layer vector perpendicular to POI (and, correspondingly perpendicular to the 
drawing plane) is shown as dotted line. The polarization layers P2 and P3 which are 
complementary to PI (their layer vectors are in the drawing plane) are shown as solid 
line. "P^polarized light (solid thin line) with a polarization vector in the drawing plane 
maximally transmits PI (0.885) and is maximally reflected by P2 (0.880, Fig.6A). The 
complementary n S n -polarized light (dotted thin line) in contrast minimally transmits PI 
(0.003) and is minimally reflected by P2 (0.050, Fig.6B). We can calculate a 
polaris at i on polarization contrast: an incident unpolarized light beam (combining 
Fig.6A and 6B) contains after transmitting PI and re fl e xi on reflection at P2 "P"-polarized 
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light (0.885x0.880) and n S w -polarized light (0.003x0.050) in a P/S ratio of 5000:1 
(Fig.6E). Fig. 6C and Fig.6D show the complementary situation for the second subrbeam. 
Here, n S"-polarized light maximally transmits P3 and is maximally reflected by PI 
(Fig.6D), while the complementary w P n -polarized light minimally transmits P3 and is 
minimally reflected by PI (Fig.6C), resulting in a S/P ratio of again 5000:1. 

f 00821 Fig. 7 shows a four-armed cross-polarizer in a third and fourth embodiment of 
our invention in a planar arrangement. Ad ding a A fourth polarization layer (P4) we 
e an e nh a nc e expands the threenarmed cross-polarizer from Fig.5 to a four;armed cross. 
In this exemplary arrangement the polarization layers are perpendicular to each other 
and p e rp e n dicu lar to q c om m o n pla ne pa ra ll e l to PO I have their normal vectors 
coplanar to POI . This 4-armed cross-polarizer includes several 3-armed cross-polarizer 
functions. A first light path (solid line) couples PI with the two polarizers P2 and P3, 
which are complementary to PI. A second light path (dotted line) couples P3 polarizers 
PI and P4, which are complementary to P3. The layer vectors in Fig.7A (open form) are 
not aligned specifically to the POL Thus the two light paths (incident light on PI and P3) 
result in differently polarized light in both the west quadrant and east quadrant. In 
Fig.7B (closed form) all four polarization layers meet in one axis normal to the c om m o n 
gro u nd p lane. Using layer vectors parallel and perpendicular to the gro un d pl ane POI 
the two light paths (incident light on PI an P3) result in equally polarized light in both 
the west quadrant (entire left side shown as n P n -polarized light) and the east quadrant 
(entire right side shown as "S n -polarized light). 

[00831 Figs.8AJJ show[[s]] a four<irmed cross-polarizer in a fifth and sixth embodiment 
of our invention with 2 -c ha n n el two image modulators. Open form (Fig.8A) and closed 
form (Fig. 8B) are directly combined with polarization rotating reflective spatial light 
modulators RLM. In the open form a cross-polarizer (P1.P2.P3) is used to direct incident 
light towards the two RLMs (IN, "P^polarized light to RLM1 and "S"-polarized light to 

Page 29 of 34 

29/34 * RCVD AT 4/15/2010 2:45:04 AM [Eastern Daylight Time] * SVR:USPTO-EFXRF-6/1 1 - DNIS:2738300 » CSID:+49 9453996618 * DURATION (mm-ss>:28-30 



27/07/1992 14:49 +49-9453996618 



BAUSENWEIN 



PAGE 



Appl. No 1 0/587,850 Amdt. dated April, 1 2 201 0 Reply to Office Action March 1 9, 201 0 

RLM2). Light beams incident on the RLM at dark pixels are not modulated, keep their 
polarization and thus are reflected back to the axis of incidence (OFF). Light beams 
incident on the RLM at bright pixels are rotated in their plane of polarization (ON); they 
are superposed in the left side of north quadrant by a second cross-polarizer 
(P4 / P2 / P3). The closed form (Fig.8B) makes tstjt possible to send light both to PI and P3 
using the entire south quadrant. According to Fig.7B, this results for both input cross- 
polarizers (P1,P2,P3) and (P3 / P1 / P4) in "P*-polarized light in the entire east quadrant 
and B S"-polarized light in the entire west quadrant. Two further cross-polarizers 
(P2,P1,P4) and (P4,P3,P2) are used for superposition. Al[[l]]together, for the input into 
the RLMs and the output of the RLM-ON- and RLM-OFF-light four overlapping three- 
armed crossrpolarizers are used. The closed form (Fiq.8R) uses less than 25% of the 
area needed for the open form (Fig.8A) . 

[00841 Fig. 9 s how s schematically shows optional foldings in the light path of the cross- 
polarizer. T he p rinc ip l e o f r ecip r o cal co u plin g of t wo m u t u ally c ompleme n ta ry c ross * 
po l ar iz er s is s hown us in g a l i ght pat h SI w it h t w o a d di tio n al m i rro rs M. Th e l a ye r vec tor 
VI o f polari z er PI ( w e sh ow a M a cNeill e type-P BS) a n d t he opti ea l a xis o f SI i n PI 
define th e plan e El. T he l ayer ve e tor V2 of p o lar ize r P2 ( we s ho w a c art esi a n 
polar i zer ) and t h e optical a x i s of SI in P2 defin e t he p l ane E2. T he m i rror pl a n e El * 
( der i ved fr o m El by succ e ssi ve fo ld i ng s o f El at re fle xio n plan e s M al ong SI ) is 
perpe n d i c u lar to E2. In c o n tr as t to the figu re s ab o v e th e polar iz atio n lay e r s o f PI an P2 
are n ot po siti o ne d p erpen dicu l a r o n a c ommo n g r o und p lan e . N1 is t h e nor m al ve c tor 
of potortztng foyer PI *h « vector of polar isi ng l ayer P2. Two polarizers 

PT and P2 can act complementary on a linearly polarized beam also if means for 
folding tM) are introduced in the path fSI) of this beam. Each foldin g M transforms 
both the axis of the beam and its POP. Fig.9 shows a beam with a POP El (spanned by 
VI and SI at PI \ which would be reflected by PI. Its POP El is tra nsformed by each 
folding M to become El *. Also, SI is transformed by each folding . If the transformed 
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SI (at P2) and V2 span a pl ane E2. which is perpendicular to El ». P2 will act 
complementary to PI. the beam with POP El * will transmit P2. In contrast to many 
embodiments above, in Fig. 9 t he normal vectors of the polarizing layer planes are not 
coDlanor. In the shown example. PI is a MgcNejjje PBS and P2 is a WGP. 

[00851 Fig. 10 shows in a seventh embodiment of our invention a folded four-armed 
crossrpolarizer using four MacNerlle-type polarizers PI, P2, P3, P4 and two mirror 
planes {M; shown are total internal reflection prisms TIR) combined with polarization 
rotating reflective RLM1 and RLM2. The IN-beam and the OFF-beam use a crossr 
polarizer (P1,P3,P2) with additional means of r e fl exi on reflection in each light path. For 
the superposition of the ON-beams we use a second cross-polarizer (P4,P3,P2) without 
additional reflection. This embodiment corresponds to the open form of the fourarmed 
cross-polarizer. 

[00861 Fig.11 shows in a eighth embodiment of our invention, a fourarmed cross- 
polarizer in a closed form using reflective RLMs of the digital mirror device 
[[DMD-]]type (DMD) . These DMDs modulate the incident light (IN) not by r o tati ng the 
pol a r iza t ion j t a te , bu t by directing ON- and OFF- light towards different directions 
without rotating their polarization . DMD1 and DMD2 show have identical topology (are 
the same stereojsomer type). They reflect light at bright pixels normal the DMD surface. 
As there is no modulation dependent change of polarization, this ON-light of both 
DMDs is superposed and reflected back to the quadrant of incidence. Input POI and 
output POI have an intersection angle adjusted to the mirror deflection angle of the 
DMD. Light reflected from dark pixels (OFF) is directed towards a light dump (not 
shown). 

[00871 Figs.12A,B Fi g . 12 show[[s]] a two<irmed form of the cross-polarizer (nineth 
ninth embodiment of our invention). The three<irmed cross-polarizer of Fig.+2A5B can 
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be converted to a tworarmed cross-polarizer by implementation of ad d i tio n al mi rro rs 
fusion of P2 and P3 and additional folding (M) of each sub-beam (Fig.l2B). Both sub: 
beams created at PI {^-polarized sunbeam in light path SI by polarizing transmission 
of the input beam at PI and "S"-polorized sunbeam in light path S2 by polarizing 
r e fle xi o n reflection of the input beam at PI ) are d i rected folded toward a second 
polarizer P2 complementar y to PI i n a way , such that the n S w -polarized subrbeam 
transmits P2 and the "P"-polarized subrbeam is reflected at P2. P2 thus acts 
complementary to PI for both sub-beams. Fig.l2A shows that P2 in Fig.12B can be 
understood as a fusion of P2 and P3 in the second embodiment (Fia.SBh As both sub: 
beams in SI and S2 are separated only between the two polarizers, this embodiment 
can be me anin g fully used in 2-channel display systems with spatial light modulators e.g. 
of the MEMS type which are placed in SI and S2 between PI and P2. 

[00881 Fi g 13 shows e ros^ polqr ig gr a with g la ss pr isma. Figs.13A-l s h ow glass prisms 
with polarizing layers which are configured to built cross-polarizers. Fig.l3A shows a 
cross-polarizer made of a right triangular prism, which comprises two right subprisms Tl 
and T2. Between Tl and T2 there is a polarizing layer PI of the B rew s t e r MacNeille 
type. The continuous surface of the prism which consists of two surfaces of the two sub: 
prisms carries a cartesian polarization layer P2/P3 with a layer vector V2 parallel to 
the c ommo n g ro u nd pl a n e base of the prism. A th i rd Further glass prism? without 
polarizing layer may be added to the arrangement (see Fig.13A-C) to complete a three- 
armed cross-polarizer . In Fig.13B PI is a cartesian polarization layer. Fig .l3C 
corresponds to F ig/13 B wi th sw ap p ed l a y er vectors: Fig.13C s hows a similar 
arrangement as Fia.13B but with swapped polarizing vectors. Fig.l3D-F show prism 
arrangements with cartesian polarizing layers with which cross-polarizers (three: or four : 
armed) can be built. Two prisms of the types shown in Fig.13D-F suffice to build a four : 
armed cross-polarizer Four prisms of the one shown in Fig.13E-F result in a fourKirmed 
cross-polarizer hav i ng which has double polarizing layers (Fig.13H). In Fig.l3F the 
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polurisalion polarization layers are mounted to a lateral surface of sub;prisms Tla and 
Tib. In Fig.l3G a four^irmed crossrpolarizer is constructed by adding a triangular 
MacNeille type polarizer to the three^rmed cross-polarizer shown in Fig.13A. Fig.131 
shows ex e m p l ar i l y an example of a four-armed crossrpolarizer in which the polarizing 
layers are not o rth ogona l perpendicular to each other. 

f008?1 Fig.14 shows crossrpolarizers within a closed body. Fig.UA shows the open 
form, Fig.14B the closed form of the four<irmed cross-polarizer each contained in a 
single body. Openings can be used to directly mount RLMs (Fig.UB). It is also possible 
to integrate optical elements as projection lenses L to the body of the cross-polarizer. 

[0090] It will be appreciated that whilst this invention is described by way of detailed 
embodiments, these realizations serve as illustrations of the invention but not as a 
limitation of the invention; numerous variations in form and detail can be deduced by 
those skilled in the art or science to which this invention pertains without leaving the 
scope of the invention as defined by the following claims: 
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